Peripheral blood lymphocytes (PBLs) are key target cells for gene therapy of a number of inherited and acquired blood disorders. We have systematically compared four retroviral vectors, designed according to different strategies, for their efficiency in transfer and expression in human PBLs of the same reporter gene. The receptor gene used in the study codes for the human low-affinity nerve growth factor receptor (LNGFR), and is not expressed on the majority of human hematopoietic cells, thus allowing quantitative analysis of the transduced gene expression by immunofluorescence, with single cell resolution. Peripheral blood mononuclear cells (PBMCs), as well as human hematopoietic cell lines of myeloid and lymphoid origin, were transduced with the four vectors and analyzed for efficiency of gene transfer, integration and stability of vector proviruses, and LNGFR expression at both RNA and protein level. Fluorescence-activated cell sorter analysis of coexpression of LNGFR and lineagespecific cell surface markers was performed in transduced ETROVIRAL VECTORS are an efficient and relatively safe tool for the transfer of exogenous DNA into somatic cells.' Retroviral vector-mediated gene transfer is currently used in gene therapy protocols for the treatment of inherited and acquired blood diseases and in gene marking and gene therapy protocols for advanced cancer.*,' Although significant effort is being devoted to optimizing procedures for purification and transduction of human hematopoietic stem cells, peripheral blood lymphocytes (PBLs) are still considered the safest cellular delivery vehicle for human gene therapy.
A number of different retroviral vectors have been engineered and used for gene transfer into human hematopoietic cells, all based on the Moloney murine leukemia virus (MoMLV) backbone. Usage of different promoters driving expression of the gene of interest, and the position of these sequences with respect to the viral transcription unit, were some of the parameters taken into account in generating alternative vector design^.^.^ Some of these vectors were used to transduce human lymphoid cells under different conditions, eg, tumor-infiltrating lymphocytes (TILS),',' and CD4+ and CD8' subsets of both TILS and PBLs.~ Expression of foreign genes transferred by retroviral vectors in T cells was successfully achieved in cell culture or preclinical models of gene therapy of immune diseases, such as CD18-leukocyte adhesion deficiency (LAD)" and adenosine deaminase-deficient (ADA-) severe combined immune deficiency (SCID),""4 or acquired immunodeficiency syndrome Although retroviral vectors were shown to transduce human lymphoid cells and express the transferred genes in all of these cases, no attempt has yet been made to directly compare the different vector designs for stability, efficiency of gene transfer, and expression of the transduced gene.
We have systematically compared four different vector designs for expression of the same reporter gene, ie, the human low-affinity nerve growth factor receptor (LNGFR). This receptor is not expressed on the majority of human hematopoietic cells, thus allowing quantitative analysis of the transduced gene expression for each vector and each cell target by immunofluorescence analysis, even at the single cell level. Normal human peripheral blood mononuclear cells (PBMCs) and hematopoietic cell lines of myeloid and lymphoid origin were transduced with the four constructs and analyzed for efficiency and stability of gene transfer and expression of LNGFR. Fluorescence-activated cell sorter (FACS) analysis of transduced T-cell lines and clones for coexpression of LNGFR and cell surface markers was performed to study gene expression into specific T-cell subpopulations. Under appropriate infection conditions, all retroviral vectors could transduce a T-cell population representative of the normal immune repertoire, although the level of the transgene expression was strongly dependent on the vector design.
vectors, respectively. The NSV vector was derived from the original N2 vector" by the insertion of the 0.4-kb Kpn YHindIII fragment containing the SV40 early promoter-enhancer and origin of replication into the unique Xho I cloning site. The NTK vector was also derived from N2 by insertion of the 852-bp herpes simplex virus (HSV) thymidine kinase (TK) promoter. Both vectors were a generous gift of E. Gilboa (Duke University, Durham, NC).
The LNSN vector was constructed by insertion of the LNGFR cDNA into the Hpa I site of the LXSN vector?
In the DCN vector (double-copy LNGFR) the LNGFR cDNA was cloned under the control of the 0.8-kb Ssp VNco I fragment of the human ADA promoter" into the Bgl IVSmBI sites of the N2A retroviral vector polylinker. 6 Vector DNAs were converted to corresponding viruses by the transinfection protocol. Briefly, vector DNA was transfected into the $2 ecotropic packaging cell line" by standard calcium-phosphate coprecipitation." Forty-eight hours after transfection, $2 supernatants were harvested and used to infect the amphotropic packaging cell line PA31722 for 16 hours in the presence of 8 pg/mL polybrene. Infected PA317 cells were selected in Dulbecco's modified Eagle's medium (DMEM; GIBCO, Grand Island, NY), supplemented with 10% fetal calf serum (FCS; Hyclone, Logan, UT) and containing 0.8 mg/mL G418 (GIBCO), and then used to generate helper-free, virus-containing supernatants with titers ranging from Icr' to 5 X 10' CfUlmL.
Infection of hematopoietic cell lines. All cell lines described in this study, with the exception of RIM and J.M., were obtained from the American Type Culture Collection (ATCC; Rockville, MD) and grown in RPMI 1640 (GIBCO) supplemented with 10% FCS. K562 and KG1 are myeloid cell lines derived from chronic and acute myelogenous leukemias, respectively; Raji and Daudi are derived from two Burkitt's lymphomas; MOLT-4 is considered to be a stable T-cell leukemia (CD8'); RIM is an Epstein-Barr virus (EBV)-transformed lymphoblastoid cell line; J.M. is a CD4+/CD8+ T-lymphoblastoid cell line; and A875 is a human melanoma cell line expressing approximately lo6 LNGFRskell.
Target cells (5 X 10') were infected for 16 hours with undiluted viral supernatants containing 8 pg/mL polybrene, grown for additional 24 hours in complete medium, and then selected in the presence of the previously determined dose of G418 (0.5 to 1.5 mg/mL). Further analyses were performed on bulk cultures of G418-selected cells.
Infection of human PBLs. PBMCs were obtained from healthy donors by Ficoll-Hypaque (Pharmacia, Uppsala, Sweden) gradient separation and grown for 72 hours under phytohemagglutinin (PHA) and human recombinant interleukin-2 (hu-rIL-2) stimulation (2 pg/ mL of purified PHA [Wellcome Labs, Dartford, UK]; 100 U/mL of hu-rIL-2 [Roche, Nutley, NJ]). Viral infection was performed by exposure of stimulated PBLs to a cell-free viral stock for 6 hours in the presence of polybrene (8 pg/mL). Forty-eight hours after infection, PBLs were selected in RPMI 1640 supplemented with 2 mmol/L L-glutamine, 1 % nonessential amino acids, 1 % Na pyruvate, 5% human serum (HS), and 100 U/mL hu-rIL-2 (complete medium) containing 0.4 mg/mL G418. Cell density was maintained at a constant level (5 X lo5 cells/mL) during 2 weeks of G418 selection. Retroviral-transduced human T lymphocytes were also cloned in Terasaki plates at different cell concentration (1 to IO3 cells/well) in complete medium containing 0.4 mg/mL G418 in the presence of irradiated human PBLs as feeder cells.
To improve the retroviral infection efficiency, human PBLs were cocultivated with virus-producing cells for 48 to 72 hours in complete medium. Cocultivation was also performed in Transwell plates (Costar, Cambridge, MA) to prevent cell-to-cell contact. Producer cells (3 X IO5) were seeded in the cluster plate wells of 6-well dishes and incubated at 37°C overnight. Stimulated PBLs (5 X 10s) were added into the Transwells and grown for 48 to 72 hours in the presence of 8 pg/mL polybrene.
Retroviral-transduced cells were analyzed by flow cytometry for LNGFR expression and expanded for further analyses.
DNA analysis. High molecular weight DNA was obtained from cells by standard phenoUchloroform extraction:' digested to completion in 5-pg aliquots with appropriate restriction enzymes (GIBCO-BRL, Gaithersburg, MD), electrophoresed in 0.8% agarose gels at 1.5 V/cm in his-acetate-EDTA buffer, transferred to a nylon membrane (Hybond-N, Amersham, Buckinghamshire, UK) by Southern capillary blotting:' and hybridized to lo7 dpm of [32P]-labeled probe.
DNA probes were a 1.2-kb HindIIYSma I fragment of pSV2-neoZ3 and the HincII 3' fragment of the YTJ-2 cDNA clone containing the human T-cell receptor p (TCR p) constant region.% Filters were washed under high stringency condition and exposed to Kodak X-AR 5 films (Eastman Kodak, Rochester, NY) at -70°C.
RNA analysis. Total cellular RNA was extracted by the guanidine-isothiocyanate technique" and selected for poly(A)+ by oligo (dT)-cellulose chromatography?' Five micrograms of poly(A)+ RNA was size-fractionated on a 1% agarose-formaldehyde gel, transferred onto nylon membrane by Northern capillary blotting:6 and hybridized, washed, and exposed as described for Southern blots. DNA probes were a 1.2-kb HindIIVSma I fragment of pSV2-neo and the 1.5-kb Sst I fragment of the LNGFR cDNA."
TCR VD-chain usage was analyzed on transduced T-cell lines by reverse transcription-polymerase chain reaction (RT-PCR). Briefly, total RNA was reverse transcribed using oligo(dT) and (dG) primers and subjected to PCR with VP-CD-specific oligonucleotide^^^ or to anchored PCR with a CD-specific oligonucleotide as described." Amplified products were analyzed by agarose gel electrophoresis.
Cell sulface phenotyping. Cell surface expression of LNGFR was monitored by flow cytometry using the murine antihuman LNGFR monoclonal antibody (MoAb) 20.4 (ATCC) with an indirect fluorescence labeling method. Cell surface phenotype of T-lymphocytic lines and clones was determined by flow cytometry using phycoerythrin (PE)-conjugated antihuman CD4 (T4), CD8 (T8). CD5, B4, CD25R, Leu7, CD34 MoAbs (Coulter Immunology, Hialeah, FL). Briefly, 5 X 105 cells were stained with 100 pL of diluted antibodies at 4°C for 30 minutes, washed twice in medium without FCS, and resuspended in 0.5 mL of phosphate-buffered saline (PBS) for FACS analysis or in 100 pL of diluted fluorescein isothiocyanate (FITC)-conjugated secondary antibody. Double-staining analysis was performed by sequential incubation of FITC-and PE-conjugated antibodies.
RESULTS

Generation of recombinant retroviruses for expression of LNGFR.
Four different retroviral vectors for LNGFR expression were developed and used for the generation of virusproducing cell lines. The NSV-N ( Fig 1A) and NTK-N ( Fig  1C) constructs are based on internal promoters to drive transcription of the LNGFR cDNA, ie, the SV40 early promoter enhancer and the HSV-TK promoter, respectively.
In the LNSN vector (Fig lE) , the LNGFR gene is expressed from the viral long terminal repeat (LTR). In the DCN construct (Fig lG) , the LNGFR cDNA is under the control of the human ADA promoter, within the U3 region of the 3' LTR. After infection of target cells, the transduced gene is duplicated and transferred to the The four vectors were used to transduce the LNGFR gene into human hematopoietic cell lines of different lineages and into human PBLs and were compared for ( I ) ability to transduce human target cells, (2) integration and stability of intact proviruses. and (3) expression of the reporter gene. The viral titer of the amphotropic producer cell lines ranged from I X 10' to 5 X IO5 cfu/mL for NSV-N. NTK-N, and LNSN vectors, and from 5 X IO3 to I X IO' cfu/mL for DCN.
Molwulrtr analysis qf viral integration in hurmtl herncttop i e t i c cell lines. For the initial screening of the different vectors, a number of tumor cell lines of hematolymphopoietic origin were used as target cells. Two myeloid cell lines (K562 and KGI), two Burkitt's lymphomas (Raji and Daudi). an EBV-transformed lymphoblastoid cell line (RIM), and two T-lymphoblastoid cell lines (MOLT-4 and J.M.) were transduced with the four retroviral vectors and selected in the presence of G4 18. Molecular analysis of retroviral integrations was performed by Southern blotting. Genomic DNAs were digested with Xha l. which cuts in both 5' and 3' LTRs of all vectors (Fig l ) , allowing detection of For personal use only. on October 3, 2017. by guest www.bloodjournal.org From the size of integrated proviruses, and with BgI 11, which cuts only in genomic DNAs, allowing estimation of the number of integration sites. Xhu I-and BR1 11-digested DNAs were hybridized to Neo-and LNGFR-specific probes sequentially.
Integration of the NSV-N vector generated a single Xbcc I band of the expected 5. I -kb size, corresponding to an intact provirus, in all the (3418-selected cell lines (Fig 2A) . In the Raji cells, an additional band of smaller size was observed, indicating integration of a rearranged provirus (Fig 2A, lane  3) . Similarly, Xha I digestion generated a single band of the expected 5.4-kb size in the DNAs from all the NTK-Ninfected cell lines (Fig 2B) . An additional band, probably caused by the presence of a rearranged provirus, was detected only in the RIM sample (Fig 2B. lane 5) . A single band of 4.3 kb was seen in all samples transduced with the LNSN vector, with no evidence of viral rearrangements ( Fig  2C) . In contrast, the pattern of viral integrations in DNAs from cells infected with DCN was characterized by frequent rearrangements (Fig 2D) . All the DCN-transduced cell lines showed the presence of a 5.4-kb band, corresponding to the intact provirus, but an additional band of 3.2 kb was detected in all but one (KG I ) cell line. The relative proportion of the two bands was variable in the analyzed samples, ranging from predominance of the intact provirus (MOLT4, Fig 2D. lane 6 ) to prevalence of the rearranged one (Raji. Fig 2D,  lane 3 ). Repeated infections with the same retroviral stock indicated that the proportion between intact and rearranged provirus is a random, non-cell-specific event.
Infection with the four vectors always generated polyclonal cell populations, as indicated by the BR1 I1 restriction pattern (results not shown).
To investigate the mechanisms responsible for the generation of rearranged proviruses in the DCN-infected cell populations, genomic DNAs were digested with HindIII, which A 1 5.1 -C cuts twice in the ADA-LNGFR minigene (Fig ID) . and hybridized with Neo and LNGFR probes. The comparative analysis of Xhn I and Xba IIHindIII restriction patterns with both probes indicated that the 3.2-kb band corresponded to a rearranged provirus lacking the ADA-LNGFR minigene in both LTRs (data not shown). Defective proviruses were also detected at high frequency during selection of the DCN producer cell lines. The clone used in all our experiments harbored only an intact provirus, indicating that generation of defective proviruses occurred during transduction of the target cells. and was not caused by defects of the producer cell line.
Vector-medinted LNGFR e.vpressiot1 in hutnun hemntopoieric cell lines. Expression of LNGFR transduced by the different retroviral vectors was evaluated at both the protein and RNA levels. Cell surface expression of LNGFR in the G4 I X-selected cell lines was quantitatively analyzed by flow cytometry with an anti-LNGFR MoAb. The results are summarized in Table I . Most of the NSV-N-and NTK-N-transduced cell lines showed a low-medium level of surface LNGFR, expressed as relative mean fluorescence (< 100 arbitrary units [AV] ). High expression of LNGFR (202 AU) was observed only in the EBV-infected RIM cell line transduced by NSV-N. LNGFR expression was not detected in the NTK-N-transduced MOLT-4 cell line, although no rearrangement of the proviral genome was detected in Xhn Idigested genomic DNA ( Fig  2B, lane 6 ) . Repeated gene transfer in the same line always gave negative results (not shown).
All cell lines transduced with LNSN retroviral vector expressed LNGFR at medium-high levels (50 to 200 AU: Table  1 ). . . (Fig 1A through D, bands 1,2,4 , and 5) hybridized to both the LNGFR and Neo probe. The SV-40-and TKderived subgenomic transcripts (Fig 1A through D , bands 3 and 6) containing the LNGFR-specific mRNA were observed only after hybridization to the LNGFR probe. LNSN-transduced cells expressed only the unspliced RNA form, hybridizing to both Neo and LNGFR probe (Fig 1E and F,  band 7 ). This is consistent with the reported inactivation of the splice donor site in the LXSN vector, from which LNSN was d e r i~e d .~ A shorter transcript, corresponding to the SV40-derived Neo mRNA (Fig 1E and F, band 8) , hybridized only to the Neo probe.
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The DCN vector generated two LTR-derived genomic transcripts, an unspliced and a spliced form, respectively (Fig 1G and H, bands 9 and 10) . A third RNA species was transcribed from the ADA promoter (Fig 1G and H, band  11 ) and was most likely used as the major mRNA template for LNGFR synthesis. The relative contribution of the ADA promoter in the 5' or in the 3' LTR to the LNGFR transcript cannot be assessed by this technique. A slow-migrating RNA form, designed as "X" in Fig 1G and H , might represent a read-through transcript initiated from the ADA promoter in the 5' LTR and terminated at the poly(A) addition site in the 3' LTR. Two additional, unaccounted RNA species ( Fig  1G and H , bands "y" and "z") hybridizing only to the Neo probe were also detected. These transcripts, present in all DCN-transduced cell lines, were the only RNA species detected in Raji cells, which did not express LNGFR and carried only rearranged proviruses, as shown by Southern blot analysis. It is therefore likely that these transcripts are specific for the rearranged provirus lacking the ADA-LNGFR minigene.
The RNA expression pattern observed in the other cell lines was comparable with that obtained from K562, with the exception of the EBV-infected RIM cell line, which consistently showed high levels of SV-40-derived transcripts, from both NSV-N and LNSN (not shown).
Eficiency of vector-mediated gene transfer into human PBLs. Human PBLs were infected by retroviral vectors under PHA and IL-2 stimulation. To estimate infection frequencies, 48 hours after infection, human T cells were cultured under limiting dilution conditions (1 to 10" cells/well). Infected and uninfected control cells were cultured in the presence or absence of 0.4 mg/mL of G418. Cell growth was evaluated 14 days after plating, when no surviving cells could be detected in wells containing uninfected cells cultured in the presence of G418. The overall infection frequency ranged from less than 1 % to 5.1 %, depending on the viral titer of the vector supernatants. However, significant variability was observed between different donors. Efficiency of gene transfer could be increased by multiple infection cycles or by cocultivation. Cocultivation of PBLs with irradiated virus-producing cell lines for 48 hours consistently provided significantly higher gene transfer efficiencies (10% to 15%). Double fluorescence analysis of LNGFR and Tcell markers ruled out contamination by vector-producing cells of the LNGFR+ cell population (data not shown). Transduced PBLs could be selected to homogeneity either by negative selection with G418 or by positive immunoselection with magnetic beads coupled to an MoAb directed against the LNGFR. In the representative experiment reported in Fig 3 , a single round of immunoselection was sufficient to separate transduced cells from uninfected PBLs. Once the magnetic beads were removed, a homogeneous population of transduced lymphocytes was obtained without significant loss of transduced cells (Fig 3C) .
To compare the behavior of the different vectors in human PBLs, a number of PBL bulk cultures were independently transduced by exposure to supernatants containing the four retroviral vectors and were selected by 15 to 45 days of culture in the presence of G41 8. Ten of the vector-transduced cultures (2 by NSV-N, 3 by NTK-N, 2 by LNSN, and 3 by DCN) were analyzed for proviral integration by Southern blotting. Only bands corresponding to intact integrated proviruses were detected by Xba I digestion in all the lymphocyte cultures transduced by NSV-N, NTK-N, and LNSN, whereas an additional band corresponding to a rearranged provirus was observed in all DCN-transduced cultures (Fig 4A) . Analysis of the proviral integrations showed that NSV-N-, NTK-N-, and LNSN-transduced T-cell cultures were largely polyclonal, whereas DCN-transduced cultures were essentially oligoclonal, as indicated by the presence of predominant bands on digestion with BgZ I1 (Fig 4B) . As previously suggested, this was probably caused by the lower titer of the DCN viral stocks. To characterize the infected cells, we tested 13 transduced cell lines for expression of cell surface lymphocyte differentiation antigens using MoAbs anti-CD4, CD8. CDS. B4. Leu7. CD2SR, and CD34. All tested cell lines scored positively for CD5 and CD25R expression and negatively for Leu7, B4, and CD34 expression (data not shown). Eight of 13 analyzed cultures were LNGFR'/CD8-, I was LNGFR-/ CD4.'. and 4 were positive for LNGFR and contained different percentages of cells coexpressing CD8 and CD4. Predominance of the CD8' phenotype in the PHA-and IL-2-stimulated cultures was also observed in the uninfected control cell lines, and probably represents a constant bias of the T-cell culture procedure. In general, we did not observe preferential transduction of particular cellular subsets by any of the four retroviral vectors. T-cell clones were obtained from vector-transduced T-cell cultures by plating cells at limiting dilution (1,000, 100, and 10 cells/well), taking into account an average infection frequency of approximately 1%. Seventy-two percent of all the examined clones were LNGFR+/CD4+ and 28% were LNGFR+/CDS+. Predominance of the CD4+ phenotype was also observed in control, uninfected T cells cloned from the same donors, and is considered a standard finding in our cloning conditions. Retroviral transduction and LNGFR expression was observed also in rare double-positive, CD4'/ CD8+ clones (Fig 6) . These results show that gene transfer mediated by retroviral vectors can be achieved also in immature PBL progenitors, such as those showing a CD4+/CD8+ phenotype.
Analysis of T-cell repertoire in transduced T lymphocytes. Southern blot analysis of viral integrations demonstrated the polyclonal nature of the vector-infected T-cell cultures (see above). This was further confirmed by molecular analysis of TCR ,!?-chain rearrangement on Xba I-digested DNA samples hybridized to a probe specific for the ,!?-chain constant region. A polyclonal pattern, with no predominant bands in addition to the germline pattern, was detected in T-cell cultures transduced with NSV, NTK-N, and LNSN. The presence of a limited number of predominant rearrangement bands was instead observed in DCN-infected cultures, as expected for oligoclonal cell populations (Fig 7) .
Analysis of the TCR V,!?-chain usage was also performed in a sample of transduced T-lymphocyte lines, after one to three cycles of infection with vector-containing supernatants and 15 to 40 days of selection in G418. Total RNA from the selected lymphocyte cultures was reverse transcribed and subjected to either PCR with VP-C,!?-specific oligonucleotides or to anchored PCR with C,!?-specific oligonucleotides. Analysis of the amplified products showed a substantially normal repertoire of V,!? usage in polyclonal populations of LNSN-transduced lymphocytes, comparable or identical to those showed by control untransducedunselected lymphocyte cultures. Cultures infected with low-titer retroviral vector preparations showed only limited V,!? repertoires, thus confirming the results obtained by Southern analysis (data not shown). Clearly, gene transfer can be more easily achieved in PBLs, a potential alternative to bone marrow cells at least for congenital and acquired disorders of the immune system. However, it is necessary to define what proportion of PBLs needs to be transduced to obtain a cell population representative of the whole immune repertoire and to determine whether this can be stably maintained in vivo, both necessary prerequisites for a gene transfer procedure to be of therapeu- tic relevance. For this purpose, the efficiency of gene transfer and vector design, which affects both persistence and levels of gene expression, are crucial factors. The rationale of this study was to compare different gene transfer protocols and different retroviral vectors designs, all carrying the same reporter gene, for their ability to infect, stably integrate, and express an exogenous gene into human lymphopoietic cells. The overall efficiency of gene transfer into human PBLs was strictly dependent on the infection protocol. Limited cell expansion by short-term activation in vitro, followed by gene transfer by exposure to producercell supernatants, resulted in a limited proportion of G418-resistant lymphocytes (approximately 1 % per infection cycle), with additional variability introduced by the viral titer of the supernatants. Efficiency of gene transfer can be increased by more extended in vitro expansion of target cells. However, this may modify the immune repertoire, thus potentially reducing the therapeutic efficacy of the transduced cells. Our analysis showed that even the relatively low efficiency of gene transfer (I%-to S%) obtained with one to three cycles of infection with viral supernatants allowed selection of T-lymphocyte populations essentially representative of the uninfectedunselected population. as evaluated hy analysis of the repertoire of' VD-chain usage. These data suggest that limited expansion of target cells and infection with vector-containing supernatants produce adequate gene transfer, despite the relatively low efficiency. at least when the supernatants have good viral titers (> I O 5 cfu/mL). Infection with low-titer retroviral vectors preparations ( lo? to IO' cfu/mL) produced T-cell lines with limited VD repertoires. The oligoclonal nature of these cell populations was confirmed by Southern blot analysis of the TCR &chain rearrangement and the viral integration patterns. We attempted to circumvent this limitation by coculture of PBLs with irradiated vector-producing cells. Independent of viral titer. this gene transfer procedure is significantly more effective, allowing gene transfer efficiencies up to IO%-to 15%, which are, in some cases. two orders of magnitude higher than those obtained by supernatant infection. The relatively high efficiency of gene transfer obtainable by cocultivation. coupled to expression of a cell-surface receptor (ie. the LNGFR) on transduced lymphocytes. allowed for the production of homogeneously transduced cell populations by a single immunoselection step. These results may lead to development of relatively simple protocols, based on cocultivation and immunoselection, for obtaining homogeneously labeled PBL populations, which is of potential relevance for a number of clinical applications involving gene marking procedures. For personal use only. on October 3, 2017. by guest www.bloodjournal.org From clinical use, we also tried conditions in which vector-producing cells and PBMCs are kept separated by porous membranes that allow virus passage while avoiding cell-to-cell contact. In our hands, this procedure did not show sufficient consistency and reproducibility in serial experiments, although it may still offer some advantage when compared with supernatant infection. Use of a surface molecule for cell marking clearly represents an important advantage over conventional strategies, which typically involve the use of marker genes, eg, Neo, detectable by low-resolution techniques such as PCR or Southern analysis. However, this type of marking gives rise to additional safety problems that need be addressed before clinical application, such as the elimination of receptor functional activity and/or immunogenicity. Double fluorescence analysis of G41 8-selected T cells for coexpression of LNGFR and different T-cell surface markers showed similar susceptibility to viral infection by all the tested subpopulations, with apparently equal efficiency of gene transfer. Furthermore, we obtained sporadic, although conclusive evidence of gene transfer into immature, CD4+/ CD8+ cells. We have previously shown retroviral vectormediated gene transfer into T-cell progenitors preceding TCR rearrangement.I4 The present data further support the conclusion that retroviral infection of PBMCs allows gene transfer into circulating T-cell progenitors at a low but detectable frequency. This may be an additional advantage of gene transfer protocols involving short-term in vitro culture and limited expansion of target lymphocytes.
The impact of vector design on the efficiency of gene transfer and expression in hematolymphopoietic cells was significant. In the vector constructs used in this study, the reporter gene was alternatively placed within the retroviral transcription unit under the control of internal promoters, under the viral LTR, or outside the retroviral transcription unit in a "double-copy'' configuration. The viral titers obtained for different vectors in the selected producer clones were comparable, with the exception of DCN, which consistently yielded titers up to fivefold lower than those of the other three vectors, suggesting that the extra sequence in the viral LTR may reduce the transduction efficiency, probably by interfering with the reverse transcriptiodintegration process. This was also reflected by the relatively high tendency of DCN to integrate as a rearranged provirus, which further reduces the overall gene transfer efficiency that can be obtained with this type of vector. Whether this depends on the length or other intrinsic features of the LNGFR cDNA sequence remains to be determined, because the same vector design was reported to be stable in other contexts. 13 ."
Gene expression studies showed that vectors based on internal transcription units were the least efficient in terms of both mRNA accumulation and protein expression. The only exception was the very high level of transcripts generated by internal SV40 promoters in the EBV-infected B-cell line RIM, which might be caused by the interaction of EBV transactivating proteins with the SV40 enhancer. On the contrary, vectors based on the MoMLV LTR and the human ADA promoter for expression of the reported gene worked very efficiently in all hematopoietic lines. Analysis of T-cell lines and clones gave essentially the same results. Both LNSN and DCN vectors were very efficient in directing high levels of gene expression in all T-cell subpopulations, including immature progenitors, and maintained these levels unaltered throughout a high number of passages.
In conclusion, the LTR-based retroviral vector is probably the most reliable and efficient for gene transfer and expression into human PBLs, whereas the DC design, although very good as far as gene expression is concerned, results in generally low gene transfer efficiency caused by both the low titer and instability. However, this type of construct could be the vector of choice when tissue-specific, inducible, or otherwise LTRindependent gene expression is a mandatory requirement, or else in tissues in which LTR inactivation might occur. Although we did not address this issue in the present study, human hematopoietic stem cells could be among these tissues.
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